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Study  region:  The  large  semi-arid  Aral  Region  in  Central  Asia  and  the  smaller  tropical
Mahanadi  River  Basin  (MRB)  in  India.
Study  focus:  Few  studies  have  so  far evaluated  the  performance  of  the  latest  generation  of
global climate  models  on  hydrological  basin  scales.  We  here  investigate  the  performance
and  projections  of the  global  climate  models  in the  Coupled  Model  Intercomparison  Project,
Phase  5 (CMIP5)  for freshwater  ﬂuxes  and their  changes  in  two  regional  hydrological  basins,
which  are  both  irrigated  but of  different  scale  and  with  different  climate.
New  hydrological  insights  for the region:  For  precipitation  in  both  regions,  model  accuracy
relative  to observations  has remained  the  same  or decreased  in successive  climate  model
generations  until and  including  CMIP5.  No single  climate  model  out-performs  other  models
across all  key  freshwater  variables  in  any  of  the  investigated  basins.  Scale  effects  are  not
evident  from  global  model  application  directly  to freshwater  assessment  for the  two  basins
of  widely  different  size. Overall,  model  results  are  less  accurate  and  more  uncertain  for
freshwater  ﬂuxes  than  for  temperature,  and particularly  so  for model-implied  water  storage
changes.  Also,  the  monsoon-driven  runoff  seasonality  in  MRB  is not  accurately  reproduced.
Model  projections  agree  on evapotranspiration  increase  in  both  regions  until  the  climatic
period  2070–2099.  This  increase  is fed  by precipitation  increase  in  MRB  and  by runoff  water
(thereby  decreasing  runoff)  in the  Aral  Region.
©  2015  The  Authors.  Published  by  Elsevier  B.V.  This  is an  open  access  article  under  the  CC
BY-NC-ND  license  (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction
To study climate-driven change in local-regional freshwater systems, downscaled climate model data are often used,
from either statistical or dynamical downscaling methods, and subsequently processed through hydrological modeling.
This approach provides a higher-resolved local-regional view of climate and hydrology than direct hydro-climatic output of
global climate models. However, both the downscaled climate data and the hydrological model that uses them still depend
fundamentally on the climate forcing and boundary conditions provided as output from global climate models. The driving
∗ Corresponding author at: Department of Physical Geography, Stockholm University, SE-106 91 Stockholm, Sweden.
E-mail  address: georgia.destouni@natgeo.su.se (G. Destouni).
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2214-5818/© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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lobal climate model may  thus have greater impact on hydrological projection uncertainty than the hydrological modeling
Raje and Krishnan, 2012).
Furthermore, climate models are now used for multi-decadal predictions of climate change, in addition to the previous
ain focus on projecting differences between hypothetical future scenarios (Trenberth, 2010). Direct climate model output
s also used outside the climate science community, e.g., for understanding of and adaptation to climate-driven freshwater
hanges (Arnell, 1999; Gleick and Chalecki, 1999; Lettenmaier et al., 1999; Kundzewicz and Stakhiv, 2010; Törnqvist et al.,
014). Global climate models thus inﬂuence the downscaled climate forcing used in hydrological modeling, multi-decadal
redictions of hydro-climate, and direct freshwater assessments based on global climate model output. It is therefore impor-
ant to study and inform the hydrological science community and other users about how the global climate models represent
bservations and agree among them with regard to freshwater conditions and changes.
Simulations and projections of Earth’s past and future climate, including hydro-climate, are provided by the Coupled
odel Intercomparison Project (CMIP), which is coordinated by the World Climate Research Programme and supports
he assessment reports of the Intergovernmental Panel on Climate Change (IPCC). The global climate models in Phase 5
f the project (CMIP5; Taylor et al., 2012) are developed on their predecessors, the CMIP3 models (Meehl et al., 2007),
ith more complete representations of external forcing and with increased resolution. One of the earliest evaluations of
MIP5 datasets by Knutti and Sedlácˇek (2013) showed similar model spread in CMIP3 and CMIP5 projections on global
cale. Furthermore, a recent study by Mueller and Seneviratne (2014) indicated shortcomings in the CMIP5 climate model
imulations of evapotranspiration and precipitation on regional scale.
However, few studies have so far evaluated CMIP5 model performance on hydrological basin scales. For planning and
ustainable management of freshwater resources under both global and local-regional changes, hydrological drainage basins
re recommended or even mandated as relevant spatial units (Pahl-Wostl, 2007; UNECE, 2009). Therefore, also climate model
esults for freshwater conditions and changes, as required in management, planning and adaptation for freshwater security
nd sustainability, need to be evaluated on hydrological basin scales. Moreover, hydrological basins offer a substantial
odeling advantage of water and constituent balance closure by their topographic integration of both water ﬂuxes (Karlsson
t al., 2012; Destouni et al., 2013; Van der Velde et al., 2013; Törnqvist et al., 2014; Jaramillo and Destouni, 2014) and
aterborne mass ﬂuxes (Jarsjö and Destouni, 2004; Darracq et al., 2005; Shibuo et al., 2006; Destouni and Darracq, 2009;
örnqvist et al., 2011; Visser et al., 2012). Törnqvist et al. (2014) is one recent study that has applied a hydrological basin
erspective for observation-based evaluation of CMIP5 performance with regard to freshwater ﬂuxes, their resulting net
ater balance, and their changes in the Lake Baikal drainage basin. Other CMIP5 performance studies with focus on freshwater
hanges have not considered the aspect of basin-scale water balance (Deng et al., 2013; Siam et al., 2013), have not accounted
or the historic water-use alterations within the basins (Ibrahim et al., 2015; Wambura et al., 2015; Yan et al., 2015), or have
ostly discussed anthropogenic inﬂuences on the global scale (Alkama et al., 2013).
Furthermore, freshwater changes do not only depend on atmospheric climate change but also on direct change drivers in
he landscape (Foley et al., 2005; Shibuo et al., 2007; Weiskel et al., 2007; Wisser et al., 2010; Asokan et al., 2010; Destouni
t al., 2013). A recent worldwide study shows that landscape drivers are needed to explain observed historic freshwater
hanges in 74% of investigated hydrological basins over all continents (Jaramillo and Destouni, 2014); only in 26% of the
tudied basins worldwide can the observed atmospheric climate changes alone explain the observed freshwater changes.
dequate assessment of freshwater changes hence require account of both atmospheric climate change and changes in the
andscape (Milly et al., 2002; Seneviratne et al., 2006; Piao et al., 2007; Destouni et al., 2010; Asokan and Destouni, 2014),
hich poses an even greater quantiﬁcation challenge than just atmospheric-driven water changes (Milly et al., 2005; Groves
t al., 2008; Bengtsson, 2010; Jarsjö et al., 2012).
Main human pressures that alter freshwater ﬂuxes across the world include expansion of irrigated and non-irrigated
griculture, deforestation, and other human-driven land-use and water-use changes in the landscape (Gordon et al., 2005;
estouni et al., 2013; Törnqvist et al., 2015). In densely populated areas, such as many regions of Asia, water diversions and
xtractions for human uses amount to a considerable fraction of the original freshwater ﬂows in hydrological basins (Shibuo
t al., 2007; Destouni et al., 2010; Jarsjö et al., 2012; Törnqvist and Jarsjö, 2012; Asokan and Destouni, 2014; Karthe et al.,
015); as such, these diversions and extractions can greatly inﬂuence water ﬂuxes and water availability in the landscape,
n addition to such inﬂuences of atmospheric climate change.
In the present study, we investigate the performance of CMIP5 climate models in two  Central and South Asian hydrological
asins with previously well-investigated and compared freshwater changes, driven by direct human changes in the landscape
primarily irrigation developments in both regions) in addition to atmospheric climate change (Destouni et al., 2013; Asokan
nd Destouni, 2014). The two basins are: the Aral Sea drainage basin in Central Asia (1,888,810 km2, including also the
erminal Aral Sea itself and referred to as the Aral Region in the following) (Shibuo et al., 2007; Destouni et al., 2010), and
he Mahanadi River Basin in India (135,084 km2, referred to as MRB) (Asokan et al., 2010). In this study, we  investigate and
ompare the CMIP5 model ability to reproduce observed historic conditions and project future changes in freshwater ﬂuxes
nd their resulting net water balance in these two Asian basins. We  further compare the CMIP5 model performance with that
f the predecessor CMIP3 model generation (Solomon et al., 2007); the latter has also previously been analyzed for the Aral
egion (Jarsjö et al., 2012). For future projections, we evaluate the consistency among individual CMIP5 model implications
or future water ﬂuxes and their changes.
The two investigated Asian basins are similar with regard to the primary direct human drivers of historic freshwater
hanges over the last century; irrigation developments in the basins have over this time period driven evapotranspiration
50 S.M. Asokan et al. / Journal of Hydrology: Regional Studies 5 (2016) 48–65Fig. 1. Regional location map  of Mahanadi River Basin (MRB) and Aral Region (Source: Google Map, edited to illustrate basin boundaries, the major rivers
–  Mahanadi River in MRB  and Amu  Darya and Syr Darya Rivers in Aral Region – and irrigated areas within basins; the latter are shown in green color). (For
interpretation of the references to color in this ﬁgure legend, the reader is referred to the web  version of this article.)
increase and associated runoff decrease. Main differences between the two basins are their spatial scale and their climate.
These differences facilitate distinction of the possible effects of basin size (scale effects) and prevailing climate conditions
on the CMIP5 performance with regard to freshwater changes. Not least the scale aspect is important, as climate model
output is considered to be more reliable for larger areas (Flato et al., 2013); a main question is then if such scale effects are
evident in the CMIP5 model performance for freshwater, so that direct application of the output of global climate models
is more accurate for the large Aral Region than for the much smaller MRB. Furthermore, the prevailing climate conditions
imply quite different hydrological seasonality between the two basins; in particular the monsoon-driven high hydrological
seasonality in MRB  may  be essential for freshwater resource management and the CMIP5 performance in reproducing this
high seasonality is speciﬁcally investigated for the monsoon-dependent MRB.
2. Materials and methods
2.1. Study areas
Fig. 1 shows the locations and extents of the Aral Region in Central Asia and the MRB  in India. The Aral Region extends
between the geographical co-ordinates of 54◦30′–78◦30′ E longitude and 34◦30′–52◦30′ N latitude. MRB  is located between
80◦30′–86◦50′ E longitude and 19◦20′–23◦35′ N latitude. The total basin area of MRB  is about seven percent of the total area
of the Aral Region. Besides scale, the other main difference between these two  regions lies in their hydro-climate and its
seasonality, from the continental semi-arid conditions of the Aral Region, to the tropical monsoon-driven conditions of the
MRB. The two basin systems differ also in that the Aral Region is endorheic, discharging into a terminal inland water body
(the Aral Sea), while the MRB  is exorheic, discharging into the ocean (the Bay of Bengal).
However, both the Aral Region and the MRB  have undergone similar major expansion of irrigated agriculture during the
second half of the twentieth century. Due to their large hydro-climatic differences, in particular regarding average annual
runoff (R), the irrigation impacts on average water availability have in comparative terms been relatively small in the tropical
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RB  but severe in the semi-arid Aral Region, where more than 80% of the pre-irrigation runoff R from the drainage basin
o the Aral Sea was diverted for irrigation (Destouni et al., 2010; Asokan and Destouni, 2014). The Aral Sea desiccation is a
irect consequence of this large water diversion relative to the original R and constitutes one of the worst environmental
isasters of our time (Micklin, 2007; Törnqvist et al., 2011; Gaybullaev et al., 2012; Bengtsson, 2014).
During the twentieth century, average annual precipitation (P) was  260 mm/year in the Aral Region, which is ﬁve times
ower than that of about 1300 mm/year in the MRB, while average annual temperature (T) was about 25 ◦C in the MRB  and
◦C in the Aral Region (Asokan and Destouni, 2014). The Aral Region is primarily seasonal with respect to T, where average
easonal T was 15 ◦C in the growing season (March–October) and 0.5 ◦C in the non-growing season (November–February)
uring the twentieth century. Average seasonal P varies only slightly in the Aral Region and was  on average 120 mm over
he growing season and 112 mm over the non-growing season during the twentieth century. In contrast, seasonality is much
ore pronounced for P than for T in the MRB: during the twentieth century, average seasonal P was here 1207 mm over the
et season (June–November) and 97 mm/season over the dry season (December–May), while average seasonal T was quite
teady over the year, at 26 ◦C and 25 ◦C for the wet  and dry seasons, respectively.
The areas currently under irrigation within each basin are shown in green color in Fig. 1. An average annual irrigation
ater amount of 11 km3/year is re-distributed from Mahanadi River to the irrigated areas in the MRB  (Asokan et al., 2010),
hile a similar amount of about 14 km3/year is re-distributed from the Amu  Darya and Syr Darya rivers to the irrigated
reas in the Aral Region (Shibuo et al., 2007, Destouni et al., 2010; Asokan and Destouni, 2014). As a direct result of this
ater diversion to irrigated areas, evapotranspiration (ET) is estimated to have increased by 38 mm/year in the MRB  and by
5 mm/year in the Aral Region (Asokan and Destouni, 2014). In absolute ET terms, the loss of water by the irrigation-driven
ncrease of ET from the basin to the atmosphere is thus smaller in the Aral Region than in the MRB. However, the average
nnual runoff R from the drainage basin to the Aral Sea is drastically reduced by this loss, to being only 6 mm/year by the
nd of the twentieth century (from 38 mm/year in the ﬁrst half of the century). In contrast, the average annual R from the
RB to the Bay of Bengal is still relatively high at 515 mm/year by the end of the twentieth century (Asokan and Destouni,
014).
This comparison of twentieth-century changes between the two regions clariﬁes that widely different changes in fresh-
ater resource availability and security may  be related to more or less similar water-related changes in ET and in associated
atent heat ﬂux in the atmospheric climate system (Asokan and Destouni, 2014). Consequently, model focus on only atmo-
pheric climate change may  not sufﬁciently distinguish changes that are of primary importance for freshwater resources in
he landscape. Furthermore, improvements of atmospheric climate modeling in successive model generations may  or may
ot constitute improvements from a freshwater change perspective. These different possibilities are a main motivation for
he present study of CMIP5 model performance regarding freshwater conditions and changes in the two  regional basins.
.2. Observation and model data sources
.2.1. Observation-based hydro-climatic data
Observation data for T and P over the twentieth century is obtained from the CRU TS 2.1 database (Mitchell and Jones,
005). The monthly mean values of T and P in that database have been constructed by interpolating station data as a function
f latitude, longitude and elevation and were assessed by cross-validation and comparison with other climatologies (New
t al., 1999). The T and P data are here assessed over the whole drainage basin area for the Aral Region and the MRB, as
elineated by Destouni et al. (2010) and Asokan et al. (2010), respectively, and summarized in Appendix A, Table A1. River
ischarge and associated runoff data for the Aral Region is derived for most of the twentieth century from Mamatov (2003),
arsjö and Destouni (2004), Shibuo et al. (2007), Destouni et al. (2010) and Jarsjö et al. (2012). For the MRB, river discharge
ata is only available (through the Central Water Commission, New Delhi) for a relatively short time period, from 1990 to
002, as compiled and reported by Asokan and Dutta (2008). Discharge station information for both sites is speciﬁed in
ppendix A, Table A2.
From the available historic observation data on P and R, ET is estimated by honoring and accounting for the water ﬂux
onstraints implied by basin-scale closure of long-term average annual water balance as ET ≈ P–R.  This estimate assumes
hat average annual water storage change S  = P–R–ET is close to zero over long (climatic) averaging periods, as also assumed
nd tested in several previous studies (Destouni et al., 2013; Van der Velde et al., 2013; Törnqvist et al., 2014; Jaramillo and
estouni, 2014).
.2.2. CMIP3 and CMIP5 model data
For the present two regional study basins, we  investigate the hydrological ﬂux results provided directly as output from
2 global climate models contributing to CMIP5 (Taylor et al., 2012). Such direct use and interpretation of climate model
utput has also been carried out and reported for other hydrological basins across the world (Bring and Destouni, 2011;
arsjö et al., 2012; Törnqvist et al., 2014; Bring et al., 2015). For comparison of different climate model generations, we  also
ompare the hydrological output of 14 climate models contributing to CMIP3 (Meehl et al., 2007) with that of the CMIP5
odels and corresponding regional observation data.
Previous results have shown that resolution biases of global climate models should be small for hydrological basins of
edium to large size (106–107 km2) and monthly to annual time-scales, thus justifying a direct use of projection results in
ydrological interpretation and modeling under such conditions (Milly et al., 2002; Wood et al., 2004). Direct investigation
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and use of climate model output is also relevant considering recent ﬁndings, which indicate that advantageous effects
of downscaling approaches may  be limited for such hydrological conditions (Bring et al., 2015). Downscaling may be a
necessary bias-reducing step for relatively small catchments and/or extreme events (e.g., Kay et al., 2009), reducing the
spread in model output by altering the signals from global climate models (Weiland et al., 2010). However, such dampening
of output signal spreading may  also increase ambiguity in comparative model-observation studies, such as the present one.
Importantly, both downscaling and direct use of climate model output for hydrological modeling and interpretation depend
on the hydrological realism of the climate model output, which is what the present study aims at investigating.
The investigated climate models are speciﬁed in Appendix A, Table A3. The CMIP5 models are chosen based on their
provision of explicit output for all hydro-climatic variables T, P, R and ET (including both evaporation and sublimation)
that are analyzed and compared with observation data in this study. The available fewer CMIP3 models with relevant
simulations are used for direct comparison of model output regarding the atmospheric drivers T and P in the historic time
period 1961–1990. The CMIP5 model performance is further analyzed for both this historic time period and for projections
of possible future water resource changes for all hydro-climatic variables T, P, R and ET.
In analogy with previous regional assessments we  consider here the SRES A2 scenario of the CMIP3 models, which reﬂects
a fragmented and regionally oriented economic development in the Asian region (IPCC, 2007). As the climate modeling
progressed from CMIP3 to CMIP5, the scenarios have been re-designed in the latter to four representative concentration
pathways (RCPs) RCP2.6, RCP4.5, RCP6.0 and RCP8.5. Each of these scenarios corresponds to a speciﬁc radiative forcing value
in the year 2100 relative to pre-industrial values (+2.6, +4.5, +6.0 and +8.5 W/m2 respectively) (Moss et al., 2010). In this
study we consider scenarios RCP2.6 and RCP8.5 so as to cover a maximum range of greenhouse gas concentration trajectories
(PCDMI, 2013).
We process the monthly average values of the climate model outputs of T, P, R and ET to obtain annual area-averaged
values for the Aral Region and the MRB. In order to compare the different model results with observations and among
models, all model data are re-gridded onto a uniform 0.5 × 0.5◦ grid. Our assessment of climate model performance (both
CMIP3 and CMIP5) is carried out for a historic time period of 1961–1990, for which observed data are available for both T
and P in both regions. Furthermore, the ability of climate models to represent the net annual water balance in the regions is
quantiﬁed by considering and comparing their results for long-term average annual change in water storage, S  = P–R–ET,
with P, R and ET being the outputs obtained from the CMIP5 global climate models. The model outputs of P, R and ET are
also directly compared with the available P and R observation data and the observation-based water-balance constrained
estimates of ET ≈ P–R . Furthermore, for the MRB, which has particularly high, monsoon-driven hydrological seasonality in
water ﬂuxes, an analysis of monthly P, R and ET is also carried out, in order to evaluate the ability of climate models to
accurately represent this high seasonality on basin-scale; this ability is of primary importance for water resource planning,
adaptation and management in tropical regions.
3. Results and discussion
3.1. CMIP5 and CMIP3 comparison
Fig. 2 shows the comparison between CMIP3 and CMIP5 model results for T and P for the historic (1961–1990) period and
for projections for the near future (2010–2039) period, along with observations in the historic (1961–1990) period. Overall,
the CMIP5 results of absolute T and P deviate more from observations than the CMIP3 results for both regions. With regard
to P, the CMIP3 models over-estimate P in the Aral Region whereas they under-estimate it in MRB. The CMIP5 model results
follow the same pattern, although with greater deviation from observations (Fig. 2).
Previously reported results for the Aral Region (Jarsjö et al., 2012) on the performance of CMIP3 compared with the
earlier CMIP1 generation of general circulation models show that, for temperature T, the CMIP3 results deviated less from
observations than the CMIP1 results. For precipitation P, however, the CMIP3 results deviated more from observations than
the CMIP1 results. This indicates progressively less accurate P results (increased overestimation of P) from CMIP1 through
CMIP3–CMIP5 in comparison with observations. However, for the Aral Region, bias correction of observed P decreases the
difference between observations and model results if only undercatch correction is considered (Adam and Lettenmaier,
2003) (Appendix B, Fig. B1a). In contrast to the uncorrected P data, the undercatch-corrected P data thus indicate improved
P results (decreased overestimation of P) in CMIP5 for the Aral Region. However, if also orographic P correction is accounted
for (Adam et al., 2006), the model bias switches from overestimation to underestimation (Appendix B, Fig. B1a). On average
between the directly observed and the bias-corrected P data for the Aral Region, the accuracy level of climate model results for
precipitation P may  thus have remained essentially the same between model generations. For the MRB, however, undercatch
correction further increases the model underestimation of observed P while orographic correction has insigniﬁcant effect
(Appendix B, Fig. B1b).
Regarding the spread of individual model results around the model ensemble mean, the insert panels of Fig. 2 show that
the coefﬁcient of variation (CV) of CMIP5 outputs around the ensemble mean has mostly decreased in comparison with the
CMIP3 results, except for P in the Aral Region. Hence, the ensemble model precision of CMIP5 has mostly increased whereas
the accuracy of CMIP5 models has mostly decreased in comparison with CMIP3. With regard to the tropical MRB, our results
agree with earlier ﬁndings for Indian summer monsoon rainfall by Shashikanth et al. (2014), but here with a more complete
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Fig. 2. Observations and climate model results for temperature and precipitation. Temperature in (a) the Aral Region and (b) the MRB. Precipitation in
(c)  the Aral Region and (d) the MRB. Observations are shown by the grey line, with 30 years running average in black line. Model projections include:
average of 14CMIP3 models; average of 22CMIP5 models for the RCP 2.6 scenario and the RCP 8.5 scenario. Average model values for the historic period
1961–1990 and for the near future period 2010–2039 are shown as ﬁlled triangles (CMIP3) and ﬁlled circles (CMIP5). The average value of observations for
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the  1961–1990 period is shown by the ﬁlled square. The coefﬁcient of variation (CV in%) of individual model results around the CMIP3 and CMIP5 ensemble
eans  are shown in the inserts of each panel; the same quantities and units apply for the main and the insert axes.
et of models: they compared ﬁve CMIP3 and CMIP5 climate models, also ﬁnding the model uncertainty (spreading) in the
MIP5 rainfall projections to be lower than that in the CMIP3 projections.
Furthermore, Fig. 2 shows that the model-projected changes in T and P from the historic period 1961–1990 to the near-
uture period 2010–2039 are greater for both CMIP5 scenarios (RCP 2.6 and RCP 8.5) than for the A2 scenario of CMIP3. With
espect to change in T for Aral, it is 1.5 ◦C for the CMIP3 A2 scenario, while the CMIP5 scenarios RCP 2.6 and RCP 8.5 show T
ncrease of 1.7 ◦C and 1.9 ◦C, respectively. For the MRB, the increase in T for the CMIP3 A2 scenario is 0.88 ◦C, which is less
han that of the CMIP5 RCP 2.6 (1.05 ◦C) and RCP 8.5 (1.25 ◦C) scenarios. With respect to change in P for Aral, it is an increase
f 10 mm for the CMIP3 A2 scenario, while the CMIP5 scenarios RCP 2.6 and RCP 8.5 show P increase of 13 mm and 18 mm,
espectively. For the MRB, the increase in P for the CMIP3 A2 scenario is negligible, while the CMIP5 scenarios RCP 2.6 and
CP 8.5 show P increase of 15 mm and 27 mm,  respectively.
Overall, CMIP5 thus projects greater changes than CMIP3 for both T and P in our two  study basins. Noting the decreased
odel accuracy compared with T and P observations, the reliability of these greater change projections by CMIP5 may  be
uestioned; a recent CMIP5 performance assessment by Mueller and Seneviratne (2014) also indicates that systematic bias
n T may  lead to regional overestimations of ET and P.
.2. CMIP5 performance relative to historic observations
Based on the ability of individual CMIP5 models to reproduce the observation-based data, we  arrange the models in
ecreasing order of performance in Table 1 for the Aral Region and Table 2 for the MRB. Model performance is measured
n terms of the absolute value of the deviation of a model result from the corresponding observation-based data. Rank 1 is
iven to the model with the smallest absolute deviation value; for the Aral Region this is 12 mm/year for P, 3 mm/year for R,
.6 mm/year for ET,  4 mm/year for P, 0.05 ◦C for T and 0.02 ◦C for T; for the MRB, it is 17 mm/year for P, 19 mm/year for
, 4 mm/year for ET,  60 mm/year for P, 0.06 ◦C for T and 0 ◦C for T.
Considering both regions, the model GFDL-ESM2G comes out as the best performing model on average (overall rank 1).
or the Aral Region, the MPI-ESM-MR performs on average equally well as GFDL-ESM2G (both achieve overall rank 1). For
he MRB, the second best performing model is GFDL-CM3 (overall rank 2). For both study basins, versions of the GFDL model
hus perform on average better relative to observations than the other investigated CMIP5 models.
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Table 1
Ranking of climate model performance for the Aral Region. Performance is assessed in terms of model ability to reproduce observation-based mean values of
precipitation P, runoff R, evapotranspiration ET and temperature T for the period 1961–1990 and change in the mean values of P and T between 1961–1980
and  1986–2005. The ranking is based on the absolute value of the deviation of model results from observation-based data, with rank 1 given to the model
with  the smallest absolute value of the deviation.
P R ET T P T  Average rank value Overall rank
GFDL-ESM2G 1 12 13 4 1 13 7.3 1
MPI-ESM-MR 6 9 5 17 6 1 7.3 1
CSIRO-Mk3.6.0 4 4 8 3 15 15 8.2 3
MPI-ESM-LR 3 7 1 18 12 14 9.2 4
CanESM2 5 10 18 8 7 9 9.5 5
NorESM1-ME 2 2 11 11 14 18 9.7 6
bcc-csm1-1-m 10 15 2 6 13 12 9.7 6
MRI-CGCM3 9 19 7 2 5 16 9.7 6
FGOALS-g2 16 22 9 15 2 2 11.0 9
IPSL-CM5A-MR 8 13 10 5 22 8 11.0 9
FIO-ESM 17 6 16 16 8 6 11.5 11
GFDL-CM3 13 18 6 12 18 5 12.0 12
CNRM-CM5 7 20 14 14 10 7 12.0 13
CCSM4 11 5 15 13 20 10 12.3 14
GISS-E2-R 22 1 22 7 4 19 12.5 15
bcc-csm1-1 15 21 3 1 17 20 12.8 16
MIROC5 12 11 12 20 11 11 12.8 16
IPSL-CM5A-LR 14 17 4 9 19 17 13.3 18
MIROC-ESM-CHEM 19 16 19 21 3 4 13.7 19
GISS-E2-H 21 3 21 10 9 22 14.3 20
MIROC-ESM 18 14 20 22 21 3 16.3 21
BNU-ESM 20 8 17 19 16 21 16.8 22
Table 2
Ranking of climate model performance for the Mahanadi River Basin (MRB). Performance is assessed in terms of model ability to reproduce observation-
based mean values of precipitation P, runoff R, evapotranspiration ET and temperature T for the period 1961–1990 and change in the mean values of P and
T  between 1961–1980 and 1986–2005. The ranking is based on the absolute value of the deviation of model results from observation-based data, with rank
1  given to the model with the smallest absolute value of the deviation.
P R ET T P T  Average rank value Overall rank
GFDL-ESM2G 1 3 10 1 1 17 5.5 1
GFDL-CM3 8 7 5 9 7 3 6.5 2
CanESM2 6 1 11 2 6 22 8.0 3
NorESM1-ME 5 9 12 7 9 7 8.2 4
BNU-ESM 4 4 6 11 22 6 8.8 5
MIROC-ESM-CHEM 3 6 15 17 11 4 9.3 6
MPI-ESM-LR 10 13 1 5 16 11 9.3 6
MIROC-ESM 2 5 13 16 3 21 10.0 8
IPSL-CM5A-MR 11 12 2 4 19 14 10.3 9
MIROC5 18 22 8 8 4 2 10.3 9
CCSM4  7 2 18 13 17 8 10.8 11
MPI-ESM-MR 12 16 3 3 15 20 11.5 12
FIO-ESM 9 18 9 12 8 15 11.8 13
IPSL-CM5A-LR 14 17 4 15 13 13 12.7 14
FGOALS-g2 16 10 16 6 14 18 13.3 15
CNRM-CM5 15 15 7 10 18 16 13.5 16
MRI-CGCM3 20 19 20 14 2 9 14.0 17
bcc-csm1-1-m 13 11 14 19 20 10 14.5 18
bcc-csm1-1 19 8 19 20 21 1 14.7 19
CSIRO-Mk3.6.0 17 14 17 18 10 19 15.8 20
GISS-E2-H 21 20 21 21 5 12 16.7 21
GISS-E2-R 22 21 22 22 12 5 17.3 22
The actual deviations from observation-based data of the two overall best performing models for each region are sum-
marized in Table 3. For the main water ﬂuxes, the relative model deviation from observations is greater for runoff R than for
precipitation P and evapotranspiration ET,  and particularly so for the large Aral Region, for which the two best performing
models overestimate R by 5–6 times. Overall, with regard to possible scale effects on climate model performance for water
ﬂuxes, the two best performing models for each study basin do not, in relative terms, perform better for the large Aral Region
than for the small MRB  (relative results in parenthesis, Table 3).With regard to water ﬂux changes, due to insufﬁciently long observation time series for R and thereby also for ET ≈ P–R,
the only modeled such change that can be directly compared with observation data is the precipitation change P. For
P, the modeled change to the near future (increase of 13–18 mm for the Aral Region and 15–27 mm for the MRB; see
previous section and Fig. 2) is of the same order or smaller than the model deviation from observations for the two overall
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Table  3
Deviation of model results from observation-based data for models with overall rank 1–2 in Tables 1–2, with regard to mean values of precipitation P,
runoff  R, evapotranspiration ET and temperature T for the period 1961–1990 and change in the mean values of P and T between 1961–1980 and 1986–2005.
Positive and negative deviation values imply model overestimation and underestimation, respectively, in relation to the observation-based data. For the
main  water ﬂuxes, the relative deviation of model results from observations is also given in parenthesis.
Deviation of model result from observation-based data
Water ﬂuxes (mm/year) Changes
Rank 1–2 models Overall rank T (◦ C) P (mm/year) [%] R (mm/year) [%] ET (mm/year) [%] P (mm/year) T  (◦C)
Aral Region
GFDL-ESM2G 1 −0.10 11.6 [4] 73.3 [645] −46.6 [−19] 3.6 0.27
MPI-ESM-MR 1 2.16 42.5 [17] 57.5 [505] 11.3 [5] −14.3 0.02
MRB
GFDL-ESM2G 1 0.06 −16.6 [−1] 132 [26] −111 [−14] 60 0.43
GFDL-CM3 2 −0.86 208.5 [16] 268 [52] −48 [−6] 90 −0.02
Fig. 3. CMIP5 model results compared with observation-based data for 1961–1990. Results are shown for average annual precipitation (P), runoff (R) and
evapotranspiration (ET) in (a) the Aral Region and (b) the MRB. For both basins, panel c illustrates the model-implied average annual water storage change
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fS).  Climate model results are shown for the ensemble mean of 22CMIP5 models, and for the individual and the mean results of the two best-performing
odels  on average for each basin. Error bars show the model standard deviation around the ensemble mean.
est-performing models (absolute value range of 3.6–14.3 mm for the Aral Region and 60–90 mm for the MRB; Table 3). The
elatively small deviation for the larger Aral Region might be indicative of a scale effect for the climate model results of P.
owever, similarly for both study basins, the modeled temperature change T  to the near future (increase of 1.7–1.9 ◦C for
he Aral Region and 1.05–1.25 ◦C for the MRB; previous section and Fig. 2) is greater than the deviation from observations of
he two overall best-performing models (absolute value range of 0.02–0.27 ◦C for the Aral Region and 0.02–0.43 ◦C for the
RB; Table 3). For T, there is thus no clear scale effect indication in the comparison between model results and observations.
Furthermore, if priority is, for example, given to model performance for runoff R through the landscape, the best per-
orming models are for both regions mostly others than the overall best-performing ones. More generally, no single climate
odel consistently outperforms other models for all hydro-climatic variables and their changes. This general ﬁnding sup-
orts earlier results of Gleckler et al. (2008) and emphasizes the relevance of considering results from multiple climate
odels rather than using only one selected model for freshwater change assessments (Lambert and Boer, 2001; Tebaldi and
nutti, 2007; Jarsjö et al., 2012).
Fig. 3a and b summarize the observation-based water ﬂuxes within the Aral Region and the MRB, the ensemble mean of the
2 model projections of CMIP5, the projections of the two  overall best-performing models (GFDL-ESM2G and MPI-ESM-MR
or the Aral Region and GFDL-ESM2G and GFDL-CM3 for the MRB; for further model speciﬁcation, see Appendix A, Table A3),
nd the mean model outputs of the latter for the climatic period 1961–1990. Appendix C (Fig. C1 for the Aral Region and
ig. C2 for the MRB) shows the performance of individual climate models relative to observations. With regard to P, the mean
f the two overall best-performing models is in agreement with observed P for both regions. With respect to R, however,
either the ensemble mean of 22 models nor the 2-best-model mean accurately reproduces the small observed R in the Aral
egion, which is currently close to negligible after the impacts of irrigation in this region. For the MRB, the mean value of R
or the two overall best-performing models overestimates the observed R, while the model ensemble mean underestimates
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R. For ET,  both the model ensemble mean and the mean of the 2 best-performing models are on average closer to the
observation-based results than they are for R.
Overall, the relative standard deviation of the 22-model output is somewhat greater for the relatively small MRB  than for
the large Aral Region, thus indicating a possible scale effect on climate model precision (model standard deviation around the
model ensemble mean). For the Aral Region, the model precision (standard deviation) has also decreased in CMIP5 relative
to CMIP3. However, the two best models for the Aral Region have average rank values of 7 across all hydro-climatic variables
(Table 1), while the two best models for the MRB  both have lower average rank values of 5.5–6.5 across all variables (Table 2).
Scale effects of direct application of global climate models to assessment of freshwater ﬂuxes and their changes are thus not
clearly evident from the present results. Particular caution may  rather be needed in climate model application to the large
but semi-arid, and thereby more water-sensitive, Aral Region than to the smaller MRB.
Fig. 3c further shows the model-implied net average annual water balance over the 1961–1990 period, which quantiﬁes
the average annual storage change S  = P–R–ET over that period; values for the right-hand side variables are then all given
from climate model output. Where S  is positive (negative) an average annual water addition (depletion) is implied for
water storage within the basin, systematically over the whole 1961–1990 period. In the Aral Region, this model-implied
water storage change is 7 mm/year for the ensemble mean model result. This model result thus implies an average 7 mm  of
water per year being added to the region-wide water storage, which in turn implies a cumulative 0.21 m water level increase
over the whole 30-year period and the whole region. These model implications are inconsistent with the observed decrease
of the Aral Sea level and associated decrease of surrounding groundwater level (Jarsjö and Destouni, 2004; Shibuo et al.,
2006; Alekseeva et al., 2009). For comparison, the actual Aral Sea level decrease (21 m decrease over 40 years) distributed
over the total Aral Region area of 1,888,810 km2 implies an average annual decrease in water storage of 9 mm/year and
a cumulative decrease of 0.27 m over the whole 30-year period. The results of the two best performing climate models
thus agree with the observed direction of water storage change in the Aral Region, in contrast to the ensemble mean result
(Fig. 3c). However, in terms of the change magnitude, the two best models yield a mean decrease of around 20 mm/year,
which overestimates the observation-based average annual decrease in water storage of 9 mm/year.
For the MRB, both the ensemble mean and the two  overall best-performing climate models imply an average annual
decrease in water storage (Fig. 3c). The 2-model mean implies a decrease of about 0.75 m in the water stored within the
basin over the whole 30-year period. Assuming, for instance, a soil porosity of 30% on average in the basin, this cumulative
decrease corresponds to a basin-wide average drop in groundwater and surface water levels of 2.5 m,  which is substantial and
could in principle be checked against observations. However, region-speciﬁc data is not available, or at least not accessible
to us for testing this model result. Overall, the model uncertainty represented by the standard deviation of the 22-model
ensemble output is greater, in both relative and direction terms, for the average annual water storage change than for the
other water variables P, R and ET,  as well as for temperature T.
3.3. CMIP5 projections for the future
Fig. 4 shows projections of the CMIP5 models for future changes in T, P, R and ET from the 1961–1990 reference conditions.
For both regions and for both scenarios RCP 2.6 and 8.5, the near future (2010–2039) increase in T is projected to be between
1.5 and 2 ◦C. For the more distant future (2070–2099), the scenario RCP 2.6 shows a T increase of 2 ◦C, whereas the scenario
RCP 8.5 shows a much greater T increase of about 6 ◦C for both Aral Region. For the MRB, the scenario RCP 2.6 shows a T
increase of 1.4 ◦C, whereas the scenario RCP 8.5 shows a much greater T increase of about 5 ◦C for the more distant future
(2070–2099). Such T increases may  then also contribute to increased ET and P (DelGenfo et al., 1991; Trenberth, 1999; Held
and Soden, 2000; Huntington, 2006).
The projected near-future changes in P are relatively similar and mostly indicating P increase, however with some models
also projecting P decrease, for both regions. For the more distant future, a considerably greater P increase is projected for
the MRB  than for the Aral Region, however with relatively large standard deviation among individual model results (Fig. 4).
The freshwater runoff R is mostly projected to decrease in the Aral Region, with overall negative values of R  and relatively
small standard deviation among models (Fig. 4). For both the Aral Region and the MRB, model projections of future change
in ET are highly uncertain for the near-future period (2010–2039), while mostly indicating increase for the more distant
future (2070–2099).
Overall, Fig. 4 shows that the climate model projections for the future are far more uncertain for freshwater ﬂuxes (see
the large standard deviation bars in the six lower panels for P, R  and ET in Fig. 4) and thereby also for freshwater
availability in the landscape than for temperature (see the relatively small standard deviation bars in the two upper panels
for T  in Fig. 4). Even change directions are uncertain for some water ﬂuxes in both the near and the more distant future (see
the standard deviation bars extending far into both the positive and the negative change directions in the six lower water
ﬂux panels of Fig. 4). However, model projections agree relatively well on that the freshwater loss to the atmosphere by ET
should be expected to increase in both regional basins until 2070–2099, regardless of model scenario (see results for ET
to 2070–2099, and its standard deviation extending primarily in the positive direction, in the two lower panels of Fig. 4).
For the Aral Region, with no clear projection of P increase until this period, models thus agree on that the increased loss of
freshwater by ET will lead to decreased runoff R through the landscape. For the MRB, with relative agreement in the model
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Fig. 4. Projected future change () in average annual temperature (T), average annual precipitation (P), runoff (R), evapotranspiration (ET) values of CMIP5
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ensemble mean (mean of 22 models is shown in purple, and mean of 2 best performing models is shown in grey color) from 1961–1990 to 2010–2039
nd  2070–2099. The model standard deviation is shown as blue error bars on the respective columns. (For interpretation of the references to color in this
gure legend, the reader is referred to the web version of this article.)
nsemble on P increase until 2070–2099, this P increase is expected to largely feed into the ET increase, so that the change
n R may  be relatively small, even though highly uncertain, also for the more distant future.
.4. CMIP5 representation of high hydrological seasonality
Planning for adaptation to and management of future water resource changes may  also crucially depend on changes to
he seasonality and timing of P and R ﬂuxes and not just on the change of their average values. In this context, we focus here
n assessing the ability of CMIP5 to reproduce the extreme, monsoon-driven seasonal variability and timing of freshwater
uxes in the MRB. In the Aral Region, hydrological seasonality is relatively small even though the basin has glaciated parts and
he temperature-driven snow and glacial dynamics also drive hydrological seasonality. However, the glaciated parts of this
asin have experienced the smallest historic temperature increases over the basin and the temperature change seasonality
n the basin reﬂects primarily the cooling effect of the historic irrigation-driven ET increase (Destouni et al., 2010).
For the MRB, Fig. 5 illustrates the monsoon-driven seasonality of monthly freshwater ﬂuxes P, R, ET and storage change
S for the historic time period with available monthly observation or observation-derived data (1990–2002). It also shows
he differences of the RCP 2.6 and RCP 8.5 scenarios from the CMIP5 historical average for the near future (2010–2039) and
he more distant future (2070–2099). As also noted above, the model ensemble mean overall underestimates P compared
ith the historic observations. Underestimation of the observed peak in monthly P, in August, is then particularly prominent
Fig. 5a). Peak underestimation is even more pronounced for R, which is thereby modeled to have smaller seasonality than
xhibited by observations (Fig. 5b). Furthermore, the modeled monthly ET (Fig. 5c) yields a net water balance P–ET–R = S  that
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Fig. 5. Seasonal hydro-climatic cycles in the MRB. Results are shown for (a) precipitation (available observations and mean of model ensemble), (b) runoff
(available observations and mean of model ensemble), (c) evapotranspiration (mean of model ensemble) and (d) water storage change (mean of model
ensemble), for the historic time period 1990–2002 (left, available observations and models), and for the future time periods (models) 2010–2039 (middle)
and  2070–2099 (right). The error bars show the standard deviation of individual climate models around the ensemble mean for 1990–2002 and for future
periods in scenarios RCP 2.6 and RCP 8.5.
implies large increase of water storage during high ﬂow conditions (Fig. 5d); at maximum, the modeled S  of 100 mm/month
is even greater than the maximum high-ﬂow R at 69 mm/month. In contrast, for the rest of the year, the climate model
ensemble implies systematic water storage decrease on the order of 30–50 mm/month, which in turn leads to the previously
discussed model-implied annual decrease in water storage for the MRB  (Fig. 3).
The MRB  contains constructed water reservoirs, such as the Hirakud reservoir, which may  contribute to human-driven
changes in intra-annual hydro-climatic variability, such as decrease in the short-term variability of R relative to pre-reservoir
conditions (Destouni et al., 2013). However, the climate model results do not reproduce the actually observed post-reservoir
seasonal variability of R (Fig. 5b). Furthermore, the long-term water storage decrease implied by the climate models cor-
responds to a cumulative (subsurface and surface) water level drop of 2.2 m on average over the whole basin; since the
models are unable to reproduce the post-reservoir seasonality of R, such a large water-level drop may  not be consistent with
realistic changes in intra-annual water storage variability. In particular, the CMIP5 model ensemble does not reproduce the
observed high peak in R during June–August, but shows instead a smaller peak in September, a month later than indicated
by observations; this September peak also appears in the model projections of future scenarios. The phase shift in the R peak
relative to observations indicates a likely model overestimation of the temporary increase of water storage during high-ﬂow
conditions.
The model dampening of seasonal R variability found here for the MRB  does not resemble the model bias results reported
by Siam et al. (2013), who evaluated CMIP5 historical simulations for the tropical Congo basin. Their results indicate instead
overestimation of the seasonal amplitude in water ﬂuxes, particularly for runoff in that basin (Siam et al., 2013; their Fig. 6).
As the Congo basin is less inﬂuenced by regulation and irrigation than the MRB, the difference in climate model performance
relative to observations for these basins with different human change drivers points to a need for further basin-scale studies
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f human-driven effects on runoff seasonality, as well as of the representations of this seasonality and its change drivers in
he land surface schemes of climate models.
. Conclusions
We  have investigated and compared CMIP5 model performance in reproducing the observed historic and modeling the
uture evolution of basin-scale hydro-climate, water resource availability and their changes in two  extensively irrigated
sian regions: the large semi-arid Aral Region and the smaller tropical MRB. For precipitation, the accuracy of climate model
esults compared with observations has remained essentially the same or progressively decreased from the CMIP1 through
he CMIP3 to the CMIP5 generation of climate models; this applies when considering un-corrected as well as bias-corrected
bservation data for P. However, the model precision has mostly improved (the CV has decreased) for both temperature and
recipitation in comparison with CMIP3.
No clear scale effects of direct application of global climate models to freshwater assessment are evident from the present
esult comparison between the large Aral Region and the relatively small MRB. Rather, the long-term average water storage
ncrease implied by the model ensemble output for the large Aral Region directly contradicts the water storage decrease
ccurring in this region, as evident in the dramatic Aral Sea desiccation (Jarsjö et al., 2004; Shibuo et al., 2006; Alekseeva
t al., 2009). In comparison, the model-implied decrease of long-term average water storage in the smaller MRB  may  be
ualitatively realistic but the change magnitude is highly uncertain, in particular since the CMIP5 model ensemble does
ot accurately reproduce the seasonal variability in runoff, including the timing and magnitude of the runoff peak. The
resent scale-effect ﬁndings may  apply only to the speciﬁc two investigated study basins, and similar analysis for other
egional basins, with downscaled hydro-climatic variables, may  lead to different results. Further investigation across basins
f different sizes and in different parts of the world is needed to arrive at more general scale-effect conclusions.
For both of the investigated basins in this study, versions of the GFDL model (NOAA Geophysical Fluid Dynamics Lab-
ratory; Table A3, Appendix A) are found to perform on average better relative to observations than other CMIP5 models.
owever, neither this nor any other single climate model consistently outperforms all of the other models with respect to
ll key freshwater variables. Overall, climate model projections are considerably more uncertain for freshwater ﬂuxes and
heir changes than for temperature T and its change, with both inaccuracy and uncertainty being particularly high for the
odel-implied water storage changes.
For future freshwater changes, the CMIP5 models largely agree on that evapotranspiration ET should be expected to
ncrease in both regions until 2070–2099. They also agree on that this ET increase in the Aral Region will mostly be fed by
unoff water, thereby leading to decreased R and thus decreased annually renewable freshwater in this Central Asian region.
n contrast, for the tropical MRB, the climate models largely agree on that the ET increase here will mostly be fed by an
ncrease in precipitation P, implying relatively small, even though highly uncertain, runoff change in this South Asian region.
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ppendix A
able A1
nvestigated hydrological regions and total aggregated drainage basin areas.
2Region Basin area (km ) Reference with basin description
Aral 1.89 × 106 Destouni et al. (2010)
Mahanadi 0.14 × 106 Asokan et al. (2010)
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Table A2
List of discharge stations and data sources.
Region River Station coordinates or name Basin areaa (km2) Data source
Aralb
Amu  Darya Kziljar 0.68 × 106 Mamatov (2003)
Syr Darya Karateren 0.71 × 106 Mamatov (2003)
Mahanadi Mahanadi Tikarpara 1.35 × 105 Asokan and Dutta (2008)
a Refers to the area upstream of the corresponding monitoring station.
b For the Aral Region, all climate data are calculated for the total drainage area, including the combined individual station catchments and the unmonitored
areas draining into the Aral Sea.
Table A3
List of investigated climate models in the CMIP3 and CMIP5 model generations. These are referred to as Global Circulation Models (GCMs) for the CMIP3
model generation and as Earth System Models (ESMs) for the CMIP5 model generation.
CMIP3 GCMs CMIP5 ESMs Institution
CSIRO:Mk3.0 CSIRO-Mk3.6.0 CSIRO in collaboration with Queensland Climate Change Centre of
Excellence
ECHAM5/MPI-OM MPI-ESM-LR Max  Planck Institute for Meteorology
MPI-ESM-MR
GFDL:CM2.0; GFDL:CM2.1 GFDL-CM3 NOAA Geophysical Fluid Dynamics Laboratory
GFDL-ESM2G
MIROC3.2 MIROC5 Atmosphere and Ocean Research Institute (The University of Tokyo),
National Institute for Environmental Studies, and Japan Agency for
Marine-Earth Science and Technology
MIROC-ESM Japan Agency for Marine-Earth Science and Technology, Atmosphere
and Ocean Research Institute (The University of Tokyo), and National
Institute for Environmental Studies
MIROC-ESM-CHEM
CNRM-CM3 CNRM-CM5 Centre National de RecherchesMeteorologiques/Centre Europeen de
Recherche et Formation AvanceesenCalculScientiﬁque
GISS-ER GISS-E2-R NASA Goddard Institute for Space Studies
GISS-E2-H
IPSL-CM4 IPSL-CM5A-LR Institut Pierre-Simon Laplace
IPSL-CM5A-MR
MRI-CGCM2.3.2 MRI-CGCM3 Meteorological Research Institute
CCSM3 CCSM4 National Center for Atmospheric Research
NCPCM National Center for Atmospheric Research
HadCM3 Hadley Centre for Climate Prediction and Research, Met  Ofﬁce
ECHO-G Meteorological Institute of the University of Bonn (Germany), Institute
of  KMA  (Korea) and Model and Data Group
HADGEM Hadley Centre for Climate Prediction and Research, Met  Ofﬁce
INCM3  Institute of Numerical Mathematics, Russian Academy of Science
BNU-ESM College of Global Change and Earth System Science, Beijing Normal
University
CanESM2 Canadian Centre for Climate Modelling and Analysis
FGOALS-g2 LASG, Institute of Atmospheric Physics, Chinese Academy of Sciences;
and CESS, Tsinghua University
FIO-ESM The First Institute of Oceanography, SOA, China
NorESM1-ME Norwegian Climate Centre
bcc-csm1-1 Beijing Climate Center, China Meteorological Administration
bcc-csm1-1-m
AF
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ppendix Big. B1. Climate model performance for annual average precipitation during 1961–1990 in: (a) the Aral Region and (b) the MRB. Observed precipitation is
lso  shown as corrected for undercatch and orographic factors. Appendix A (Table A3) provides further climate model speciﬁcations.
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Appendix CFig. C1. Performance of individual CMIP5 models for the Aral Region. Difference of model output from corresponding observations (or observation impli-
cations  for ET) for the period 1961–1990 and the hydro-climatic variables: (a) temperature T, (b) precipitation P, (c) runoff R and (d) evapotranspiration ET.
Appendix A (Table A3) provides further climate model speciﬁcations.
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Big. C2. Performance of individual CMIP5 models for the MRB. Difference of model output from corresponding observations (or observation implications for
T)  for the period 1961–1990 and the hydro-climatic variables: (a) temperature T, (b) precipitation P, (c) runoff R and (d) evapotranspiration ET.  Appendix
 (Table A3) provides further climate model speciﬁcations.
ppendix D. Supplementary data
Supplementary data associated with this article can be found, in the online version, at
ttp://dx.doi.org/10.1016/j.ejrh.2015.11.017.
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